The survival of Nocardia corallina and the degradation of constituents were examined during periods of starvation. Organisms were harvested at the end of the growth phase and were starved, after resuspending in phosphate buffer containing Mg2+, with vigorous aeration at 30 "C. Viability fell gradually to 50 % over a period of 480 h. After 48 h of starvation the dry weight of the organisms was reduced by 35 % and the Qo, was decreased from I o to approximately I. The fall in dry weight coincided with a decrease of microbial polysaccharide from 25 % to 7 % of the initial dry weight. After this degradation of polysaccharide there was a decrease in microbial protein and a release of ammonia into the supernatant. The contribution of different constituents to the total decrease in dry weight during a period of 240 h starvation was; polysaccharide, 40 %; protein, 25 %; RNA, 6 %; total fatty acids, 5 %. Loss of viability could not be directly correlated with the utilization of any particular constituent.
The survival of Nocardia corallina and the degradation of constituents were examined during periods of starvation. Organisms were harvested at the end of the growth phase and were starved, after resuspending in phosphate buffer containing Mg2+, with vigorous aeration at 30 "C. Viability fell gradually to 50 % over a period of 480 h. After 48 h of starvation the dry weight of the organisms was reduced by 35 % and the Qo, was decreased from I o to approximately I. The fall in dry weight coincided with a decrease of microbial polysaccharide from 25 % to 7 % of the initial dry weight. After this degradation of polysaccharide there was a decrease in microbial protein and a release of ammonia into the supernatant. The contribution of different constituents to the total decrease in dry weight during a period of 240 h starvation was; polysaccharide, 40 %; protein, 25 %; RNA, 6 %; total fatty acids, 5 %. Loss of viability could not be directly correlated with the utilization of any particular constituent.
I N T R O D U C T I O N
Soil micro-organisms in their natural environment are subjected to periodic deficiencies of nutrient, thus the survival of the species could depend on the colonization of a new ecological niche. Brock (1966) has listed resistance to starvation in dilute medium as one possible morphological or physiological adaptation which might aid dispersal. has suggested that many organisms in the soil are in a resting or dormant state and hence may survive by utilizing endogenous reserves (Dawes & Ribbons, 1962; Lamanna, 1963) . However, apart from an increased capacity to survive in soil, which can be related to sporogenesis (Sneath, 1962) or possibly to desiccation or low temperature (Brock, 1966) , there is little direct evidence to support the suggestion that soil bacteria can exist in a resting state (Park, 1965) even though approximately 75 % of soil bacteria (excluding actinomycetes) are non-spore-formers (Clark, I 967).
Of those studies which have examined the survival capacity of micro-organisms, only a few have been concerned with the autochthonous group of soil micro-organisms. This group includes organisms which grow relatively slowly and appear at a late stage in the ecological succession which occurs during the decomposition of plant residues (Alexander, 1964) . The group includes species of actinomycetes (Conn, 1948 ; Waksman, 1959; Alexander, 1964) , some of which show exceptional catabolic abilities by degrading a wide range of complex materials typical of those produced during animal and plant decay.
The soil actinomycete Nocardia corallina is considered to be typical of the autochthonous group (Alexander, 1964; . This organism shows a high degree of biochemical versatility in the range of substrates it can oxidize (Midwinter, 1962) . It is capable of growth on compounds commonly present in soils which contain decaying plant and animal matter (Tepper & Karyagina, I 966), grows relatively slowly, demonstrates a low rate of endogenous metabolism (Midwinter & Batt, 1960 ) and appears to be somewhat resistant to starvation (Webb & Clark, 1957) .
A high resistance to starvation has been demonstrated in species of Arthrobacter (Zevenhuizen, 1966; Ensign, 1970) which, like Nocardia, are also regarded as autochthonous organisms (Gordon, 1966 ; . The pattern of endogenous metabolism observed in Arthrobacter crystaIIopoietes was similar to that of other organisms which lose viability relatively quickly, but the rate of catabolism was lower (Boylen & Ensign, 1970) . It was suggested that the lower rate of catabolism provided an explanation for the increased resistance to starvation.
In the present study, Nocardia corallina was cultured in well aerated glucose medium in which growth was characterized by division of organisms 2 to 4 pm in length (Clark & Frady, 1957; Brown & Clark, 1966) . Organisms were starved by resuspending in phosphate buffer containing Mg2+. Changes in viable and total counts and in the level of constituents were examined during periods of incubation at 30 "C.
METHODS
Organism and culture methods. Nocardia corallina isolated by Batt & Woods (1951) was maintained on glucose-yeast extract-agar slants at 2 "C. Liquid cultures were grown in I 1 cleated flasks (Corman et al. 1957) containing 300 ml of medium by incubating at 30 "C with rotary shaking at 140 rev./min. Cleated flasks were used to improve the efficiency of aeration and to disperse clumps which form in liquid cultures of N. corallina (Webb & Clark, 1957; Clark, 1958) .
The medium contained (g/l): Vitamin B,, 0.025; (NH,) ,SO,, 3.0; MgSO,. 7H,O, 0.10; KH2P04, 13.6; it was adjusted to pH 7.0 by addition of 5 M-NaOH. The medium was sterilized by autoclaving at 15 lb/in2 for 15 min. Glucose solution (15 %, w/v), also sterilized by autoclaving, was added aseptically to give a final concentration of glucose in the medium of 0.75 % (w/v). For routine preparation of cultures a single flask was inoculated from a slant which had been stored at 2 "C for no longer than 48 h after preparation. The flask culture was incubated until the optical density at 660 nm reached half maximum when samples were transferred aseptically to flasks containing fresh medium. Growth of organisms continued in the fresh medium with a doubling time of 5 h until maximum optical density was reached when organisms were harvested. At harvesting, the medium was pH 6.7 and the yield of organisms approximately 3 mg dry wtlml of medium.
Preparation of starved suspensions. Organisms were harvested under aseptic conditions by centrifugation at 2000g for 7 min at 2 "C and washed twice with phosphate buffer (0.1 M-KH~PO,, adjusted to pH 7.0 with 5 M-NaOH, containing 4 x I O -~ M-MgSO,). The pellets, approximately 900 mg dry wt, were resuspended in 300 ml of sterile phosphate buffer per cleated flask. Flasks containing suspensions of organisms were weighed and incubated at 30 "C with shaking at 140 rev./min. During prolonged incubation loss of water caused by evaporation was compensated by addition of sterile distilled water.
Analytical procedures. Total numbers of organisms were determined by using a counting chamber (Thoma). Clusters of organisms were dispersed by including the detergent Teepol (Shell Oil Company) (0.5 %, v/v) in the phosphate buffer used for preparing dilutions.
Teepol rendered the organisms non-viable but lysis was not observed.
Because counts of viable organisms were complicated by the presence of clusters of organisms in the starved suspensions, counts of viable clusters were determined by the slide I 1 1 culture method of Postgate, Crumpton & Hunter (1961). The agar medium for the slide cultures was as that used for liquid cultures except for the following additions per 1 of medium; yeast extract (Oxoid) 0.5 g; Agar (Davis) 10.0 g; also KH2P04 was lowered to 3.40 g/l. Clusters were partially dispersed by including Tween 80 (0.5 %, v/v) in the phosphate buffer used for diluting suspensions. Although Tween 80 was not as effective as Teepol for dispersing clusters, it appeared to have no effect on viability, Non-viable organisms, whether occurring singly or in clusters, could be distinguished from viable organisms by incubating the slide cultures for 16 to 20 h at 30 "C when non-viable clusters consisted of several organisms, 2 to 4,um in length, adhering to each other in random arrangement, whereas colonies resulting from viable organisms consisted of branching rods 8 to 15 ,um in length.
The viability of individual organisms was estimated from the cluster viability and the cluster size distribution by using formulae derived on the basis that dead organisms were randomly distributed through clusters of all sizes (Thomas, Doughty, Fletcher & Robertson, 1972) . The cluster-size distribution, defined as the proportion of organisms in clusters of different sizes, was determined by examining slide cultures before growth of the organisms had occurred.
Dry weights of organisms, harvested at different times during growth and starvation, were determined by drying to constant wt after heating to 120 "C and cooling over P205. The relation was established between the dry weights and optical density of original suspensions of organisms; thereafter estimations of dry wt were made by measuring the optical density of suspensions of organisms at 660 nm. Before determining optical density, samples were diluted with distilled water and thoroughly dispersed with a teflon plunger homogenizer.
Respiratory quotients were determined by direct Warburg respirometry (Umbreit, Burris & Stauffer, 1964) .
Estimates of total nitrogen were made by the micro-Kjeldahl method and total protein by the method of Stickland (1951). Microbial protein was determined on pellets obtained by centrifuging suspensions at 12000 g for 10 min at 2 "C and then twice resuspending in distilled water and recentrifuging.
Microbial fatty acids were extracted from washed organisms by the method of Salton (1953) and were assayed by chromate oxidation (Amenta, 1964) .
Total hexose was determined using the anthrone method (Bailey, 1967) with glucose as standard.
Microbial reducing sugar was estimated by the method of Nelson (1944) after acid hydrolysis of washed organisms in 0.5 M-H,SO, in sealed tubes for 2 h at IOO "C.
Ribonucleic acid was determined by the method of Munro & Fleck (1966). Extracts of washed organisms (Holden, 1962) , were used to determine levels of microbial Materials excreted into the extracellular medium during starvation were determined on Ammonia was determined by the method of Conway (1947) or by using Nessler's reagent free amino acids (Rosen, 1957), and microbial free reducing sugars (Nelson, 1944) .
supernatants obtained by centrifuging suspensions at 120008 for 10 min at 2 "C.
R E S U L T S
Morphology of Nocardia corallina. Growth of Nocardia corallina on the surface of agar was characterized by the formation of branching rods 10 to 15 pm in length. In liquid cultures, organisms were predominantly 2 to 4 ,um in length and 0.8 to I -2 ,um in diameter. Heavy clumping did not occur, although it was observed, by using visible light microscopy, that many organisms were aggregated to a small extent. In a typical suspension in phosphate buffer, containing Tween 80, the degree of aggregation was as follows; single organisms 54 %, pairs 33 %, triplets 6 %, the remainder were in clusters containing more than three organisms.
Changes in dry weight and viable and total counts during starvation.
Cultures of Nocardia corallina left to incubate at 30 "C for a period of 48 h after reaching maximum optical density showed a loss in dry wt of 40 % of the maximum yield. This loss was also observed with organisms from cultures harvested at full growth and starved by resuspending in phosphate buffer at 30 "C (Fig. I) . Over a period of 130 h dry wt was reduced by 35 %.
Most of this reduction took place during the first 50 h of starvation. The number of viable organisms was reduced by 10 % during the 130 h period and there was a rise in the total number of organisms which was possibly the result of fragmentation of organisms divided by cross-septa.
The numbers of Nocardia corallina surviving starvation in phosphate buffer fell 50 % after a period of 480 h (Fig. 2 ) .
Changes in respiratory activity. The respiratory activity of starved organisms fell-rapidly during the first 45 h after resuspension to approximately I pl O,/mg dry wt/h. ThisIdecline coincided with the initial fall in dry wt ( Table I) . Respiratory quotients showed values greater than I at all stages during starvation. Degradation o f constituents and excretion of materials to the extracellular medium.
Changes in the levels of microbial and supernatant constituents were examined over a 118 h period ( Table 2 ). There was a marked diminution of microbial hexose and microbial protein. Ammonia constituting 77 % of the supernatant nitrogen was excreted.
To determine the relative rates of breakdown of constituents, samples were taken at intervals over 98 h starvation for the estimation of total hexose, total protein and microbial fatty acids (Fig. 3) ; a cluster viability of 95 % was recorded at the end of this period. The rapid decline in dry wt during the first 27 h of starvation coincided with a fall in total hexose from 24 % to 6 % of the initial dry weight. Of the total fall in dry wt the breakdown of total hexose accounted for 56 %, total protein accounted for 2 1 % and microbial fatty acids 7 %.
Changes in dry wt, microbial fatty acids, total protein and supernatant ammonia were examined over a period of 176 h (Fig. 4) . Microbial fatty acids fell from 14 % to 10 % and protein from 35 % to 27 % of the initial dry wt. The amount of ammonia-nitrogen (37 ,ug/rnl) present in the supernatant after 176 h was comparable with the theoretical yield of ammonia-nitrogen (30 ,ug/ml) if it was assumed that all the nitrogen from the degraded protein was excreted as ammonia. Excretion of ammonia succeeded the depletion of microbial reducing sugar ( 
D I S C U S S I O N
The potential of Nocardia corallina to survive starvation in liquid medium appears somewhat greater than that of other organisms studied (Ensign, 1970) with the exception of species of Arthrobacter. The greater resistance to starvation of Arthrobacter crystallopoietes in comparison with Nocardia corallina might be related to differences in the time of harvesting organisms for starvation experiments. Arthrobacter crystallopoietes was least resistant to starvation in liquid medium when harvested towards the end of the growth phase. In the present study N . corallina was routinely harvested at the end of the growth phase and the effect of varying the time of harvesting on resistance to starvation was not examined. The possibility that viability of N. coralha was to some degree maintained by leakage of nutrient materials from non-viable organisms was not excluded. Both Nocardia corallina and species of A rthrobacter showed patterns of endogenous metabolism similar to those of organisms which lose viability more rapidly (Boylen & Ensign, 1970) . This pattern appears to be one in which carbon-containing polymers are degraded soon after the organisms are subjected to starvation with corresponding conservation of protein-nitrogen. After the degradation of accumulated carbon polymers, protein and RNA are degraded when ammonia and products of RNA degradation are excreted into the supernatant.
Degradation of lipids other than poly-P-hydroxy butyrate (Wilkinson & Munro, 1967) during starvation of micro-organisms appears uncommon and was not detected in Nocardia rugosa (Bardi & Boretti, 1958) . Further study was required to relate the small reduction in microbial fatty acids in Nocardid corallina to a particular class of fatty acids (Batt, Hodges & Robertson, I 971) . Determination of the respiratory quotient of starved organisms gave no indication that fatty acids were a predominant carbon source at any time.
Although the patterns of endogenous metabolism of organisms with short and long survival times are similar there is a marked difference in the rates of endogenous metabolism (Boylen & Ensign, 1970) . In Nocardia corallina, at least under the conditions of starvation described, the rate of oxygen consumption, carbohydrate degradation and release of ammonia were approximately five times slower than was reported for Escherichia coZi (Dawes & Ribbons, 1965) . The 50 % survival time of N. corallina was approximately five times that of E. cali. Loss of viability may therefore be related to the rate at which constituents are metabolized rather than to the absolute level of a particular constituent at the time of starvation. It is possible that autochthonous organisms such as N . corallina and A . crystallopoietes have a mechanism for reducing the rate of endogenous metabolism which enhances the likelihood of survival during conditions of starvation.
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